Penicilloyl groups, which have been connected to penicillin allergy, are derived from penicillin by cleavage of the beta lactam ring and bind covalently to proteins. Fixation of penicilloyl groups was studied in seven patients given large amounts of penicillin. Penicilloyl groups were found essentially on the albumin molecule at sites not accessible to anti-penicilloyl antibodies, except after pronase digestion. The amount of penicilloyl groups was proportional to the cumulated doses of penicillin. The decline of penicilloyl groups with time after treatment interruption was exponential. The half-life of penicilloylated albumin was lower than or equal to that of normal albumin. The presence of anti-penicilloyl antibodies was demonstrated in 19 out of 34 penicillin-treated patients (including the seven mentioned above). The relative scarcity of penicillin allergy as compared with the frequent occurrence of anti-penicilloyl antibodies may be partly related to unavailable sites of penicilloyl groups within the albumin molecule.
Introduction
Transient bisalbuminemia due to the presence of a fast albumin component in the serum of patients receiving large amounts of penicillin was first described by Arvan et al. (1) . Normal and fast albumin were subsequently separated by ionic exchange chromatography and the presence of penicilloyl groups (BPO' groups) was ascertained on fast albumin using RIA (2, 3) and ELISA (4) .
BPO groups derived from penicillin by cleavage of the , lactam ring bind covalently to proteins, giving rise to compounds devoid of antibacterial activity. Two fixation sites for BPO groups have been demonstrated on the albumin molecule and their location has been partly specified (5) .
This phenomenon is of particular interest because it is an example of a drug-induced modification of human albumin. Furthermore, many authors have long suspected BPO groups to be involved in the pathogenesis of penicillin allergy (6) (7) (8) .
In the present study, we investigated fixation of BPO 1 . Abbreviations used in this paper: BPO, penicilloyl; BPO Tr, penicilloylated transferrin; NHS, normal human serum; PAP, penicilloylated alkaline phosphatase; PEAC, penicilloyl e-aminocaproate.
groups to serum proteins in the sera ofseven patients receiving large amounts of penicillin. Moreover, we looked for formation of anti-penicilloyl antibodies in the sera of 34 patients (including the seven noted above) treated with penicillin.
Methods
Sera were collected from patients receiving penicillin G (benzyl penicillin sodium; Specia, Paris, France) at the hospital of the Institut Pasteur. Normal human serum (NHS) was collected from a subject who had never received penicillin.
Electrophoresis in polyacrylamide-agarose composite gels was carried out in Tris-glycine buffer (pH 8.7) with plates (Indubiose; Industrie Biologique Franqaise, Paris, France) as described by Uriel (9) .
Nonalbumin and albumin fractions of the sera were separated according to Travis et al. (10) To remove any possible traces of antibodies reacting with BPO Tr, antibodies were filtered through an immunoaffinity column. The dilutions at which these antibodies were used were established in previous experiments as the amount of antibodies giving the higher ratio between the tested serum and NHS. Sheep anti-human IgG and IgM were diluted to 1:500 and 1:400, respectively, and goat anti-human IgE was diluted to 1:200. Phosphatase alkaline activity was measured by adding 0. I ml of 10-3 M p-nitrophenyl phosphate in 0.1 M Tris-HCI buffer (pH 8.0) containing 1.5 M NaC1. The color was read at 405 nm (13) . Peroxydase activity was measured by adding 0.1 ml of a solution and the color developed was read at 492 nm. Sera were considered to be positive when the color intensity was at least twice the color intensity yielded by the serum of the same patient before penicillin injection. All sera collected before penicillin therapy gave a color intensity ranging from 0.040 to 0.090.
In vitro experiments. Aliquots of NHS were mixed with a constant amount of penicillin G (104 IU penicillin G/ml serum) and allowed to remain at 370C for increasing periods of time. The various aliquots were dialyzed against ice-cold 0.15 M NaCl for 24 h and kept frozen. The amount of BPO groups was determined on the whole sera and on the albumin and nonalbumin fractions of the sera separated as described above by affinity chromatography on Cibacron Blue.
Results
Subjects were distributed as follows: (a) seven patients treated with large amounts of penicillin, in whom the fixation of BPO groups and production of anti-penicilloyl antibodies were systematically investigated in the course of and after penicillin therapy; (b) 27 patients who received varying amounts of penicillin, in whom anti-penicilloyl antibodies were looked for after the treatment; and (c) one subject who had never received penicillin, whose serum was used for in vitro experiments.
In vivo studies Table I gives the clinical data of the seven patients treated by large amounts of penicillin G. Measurement ofpenicilloyl groups in the serum before and after enzymatic degradation. Fig. 2 gives as an example the amount of BPO groups in the serum of patient LOT in the course of and after penicillin therapy. Before digestion with pronase, the number of detectable BPO groups was low. As a result of pronase digestion, the amount of BPO groups increased dramatically. It increased regularly as penicillin therapy was pursued and decreased exponentially as a function of time when penicillin administration was interrupted. The six other sera gave similar curves. Taking into account the effect of enzymatic digestion, the successive experiments were all carried out on sera and fractions thereof subjected to pronase digestion.
Amount of BPO groups fixed to the fractions of the sera. Nonalbumin and albumin fractions of the seven sera were separated by chromatography on a Cibacron Blue Sepharose. Fig. 3 shows the amount of BPO groups bound to these two fractions as a function of the cumulated doses of penicillin. It can be seen that -90% of BPO groups were fixed to albumin.
The amount of BPO groups increased linearly and similarly from one serum to the other with the cumulated amount of penicillin. In the conditions of the regimen used, BPO groups failed to saturate all fixation sites on albumin.
Decrease of peniciiloylated albumin after penicillin therapy. Fig. 4 shows the decrease of penicilloylated albumin as a function of time after interruption of penicillin administration. On a semilogarithmic scale, the seven curves are linear, with slopes varying from one subject to the other. The half-life of penicilloylated albumin was calculated from these curves (Table II) as equal to or lower than the half-life of albumin (20 d) (14) . BPO groups could be detected for a very long time; in one case (VIC), traces of BPO groups were still present 330 d after initiation of the treatment.
Measurement ofanti-peniciiloyl antibodies. Antibodies of the three classes, 1gM-, IgG-, and IgE-specific for BPO groups, were searched for in the sera of the seven patients. Results are summarized in Table II . In three patients (GER, LEV, and LOT), no anti-penicilloyl antibodies were detected. In three others (FAU, LOT, and PIE) the presence of anti-penicilloyl antibodies of the IgG class could be demonstrated. In only one of these (VIC) antibodies belonging to the three classes were present. It should be remembered that this was the serum of a patient whose treatment was interrupted because of the occurrence of penicillin allergy.
Note that in the five patients whose penicilloylated albumin exhibited a shorter half-life than that of albumin, four (FAU, LOI, PIE, and VIC) gave an antibody response and only one (LOT) had no detectable anti-penicilloyl antibodies. The two patients (GER and LEV) whose penicilloylated albumin showed a half-life close to that of albumin, did not have antipenicilloyl antibodies.
In addition, detection of anti-penicilloyl antibodies was performed in sera from 27 other patients who received, for various reasons, amounts of penicillin ranging from 4 X< 106 to 1,824 X 106 IU. Among them, 15 were found positive. Table  III gives the distribution of the anti-penicilloyl antibodies among the different classes. In vitro studies Aliquots of NHS were mixed with a constant amount of penicillin ( 104 U penicillin/ml) during various periods oftime. As parison. His serum was obtained at the end of treatment and contained both normal and fast albumins. After addition of penicillin to the sample of NHS, it was found that BPO groups increased regularly with time (Table  IV) . They were essentially fixed to the albumin fraction, and their number was much increased by pronase digestion. On the contrary, pronase digestion increased only slightly the number of BPO groups of the nonalbumin fraction.
Discussion
The amount of BPO groups was measured using an immunoassay based upon the inhibition ofthe reaction between coated anti-penicilloyl antibodies and PAP. Inhibition by the different sera or fractions thereof was estimated with respect to a reference curve (Fig. 1) . Reference curves were previously established with two albumin derivatives containing different numbers of BPO groups (4) . In fact, inhibition varied slightly depending on the number of BPO groups present on HSA, which is in agreement with the observations of Lee et al. (15) . Consequently, two other penicilloyl derivatives containing a (21), and ELISA (22) . In the present study, a modification of ELISA was worked out in plates. Attention focused on reduction of nonspecific reactions. Saturation of the wells was achieved with a high concentration of gelatin and all the tagged anti-antibodies were purified by immunoadsorption upon BPO Tr. Administration of high doses of penicillin results in bisalbuminemia, which was related to the presence of penicilloylated albumin (3). This derivative exhibited greater mobility than normal albumin, most probably because the e-amino groups of albumin were blocked by negatively charged BPO groups. 3PO groups were first determined using RIA (2) and ELISA (4) on fast albumin isolated from penicillin-treated patients. In the present study, although all the patients presented with bisalbuminemia (results not shown), no attempt was made to separate fast from regular albumin, since the main goal of our investigation was the study of the kinesis of BPO groups fixation on albumin at periods when the relative amount of fast albumin was still very low.
The main result, as previously reported, was that most BPO groups were located at sites on the albumin molecule that were not accessible to anti-penicilloyl antibodies unless the albumin molecule was degraded by enzymatic digestion (3). Here again, it was verified that enzymatic digestion of whole serum or fractions thereof was necessary to unmask all BPO groups present in the sera of penicillin-treated patients. If this procedure is not carried out, the number of BPO groups is likely to be largely underestimated.
Separation of albumin and nonalbumin proteins from the sera by affinity chromatography with Cibacron Blue showed that BPO groups were essentially present on albumin, which appears to play a prominent role in the fixation of these groups.
The number of BPO groups fixed per mole of albumin increased linearly as a function of the cumulated dose of penicillin; the fixation curve was not saturable. Saturation is likely to require amounts of penicillin that are not acceptable in humans. The ratio ofBPO groups per molecule ofalbumin did not differ significantly from one patient to the another, indicating that there is no individual difference in the capacity of albumin to react with BPO groups. The maximum ratio was observed in the patient LEV, who was treated for the longest period of time. This ratio (1.66) is slightly higher than that previously published in patients who received however smaller amounts of penicillin (3) . It is consistent with the presence of at least two fixation sites for BPO groups in human albumin (5) .' Estimation of the half-life of penicilloylated albumin yielded different results in the various patients. The half-life was shorter than that of albumin (20 d) in sdme patients. It is tempting to refer the accelerated catabolism of penicilloylated albumin to the presence of antibodies, as has previously been reported (23) . In fact, anti-penicilloyl antibodies could not be detected in the two patients (GER and LEV) in whom the half-life of penicilloylated albumin was similar to that of albumin, whereas among the five patients in whom the half-life of penicilloylated albumin was shortened, anti-penicilloyl antibodies were found in four of them. The above hypothesis, however, provides no explanation for the absence of anti-penicilloyl antibodies in the patient (LOT) in whom the half-life of penicilloylated albumin was shortened. Moreover, this hypothesis is not easy to reconcile with the finding that most of penicilloyl groups in albumin are not readily accessible to antibodies. Therefore, further hypotheses deserve consideration, such as the one postulating the presence of antibodies directed against exposed minor components ofpenicillin different from penicilloyl groups. Such antibodies were described by Edwards et al. (24) . Another hypothesis would assume a greater sensitivity to attack by proteolytic enzymes of penicillin-modified albumin with respect to that of native albumin.
The BPO groups fixed to albumin are derived from a very small proportion of penicillin, between 1 and 2% (3). That explains why this phenomenon does not appreciably affect the antibiotic activity ofthe drug. On the contrary, even at this low level, BPO groups coupled to albumin are antigenic in humans, because anti-penicilloyl antibodies were demonstrated in 19 out of the 34 penicillin-treated patients. This observation agrees with previous results (25, 26) . A similar observation notes the derivatization of albumin by the fi propiolactone used in the rabies vaccine, resulting in a component that is seemingly antigenic in human (27) . The high frequency of antibody response is probably related to protracted persistence of penicilloylated albumin. In addition, an undocumented history ofpenicillin treatment might play a role. In the case of VIC, in whom the penicillin treatment had to be interrupted after 4 d because of an allergic rash, the antibody response was anamnestic.
BPO groups and antipenicilloyl antibodies appear to coexist in the serum for several months. Yet allergic complications in the course of penicillin therapy are rare (26). In our series of seven patients, two (LOI and VIC), presented with complications having an immunological basis but these complications appear to be due to chance and are not as frequent, if one considers that out of 27 other patients, only two experienced an allergic rash. The scarcity of anti-penicilloyl IgE antibodies may, in part, account for the relative innocuousness of penicillin. More likely, this innocuousness results from the location of BPO groups on albumin at sites that are not readily available to antibodies.
Normal human serum was mixed in vitro with an amount of penicillin corresponding to -50 X 106 IU of penicillin G diluted in 6 liters ofcirculating blood. Under these conditions, a bisalbuminemia similar to that observed in vivo was produced. After 24 h, all the albumin consisted ofthe fast component. This situation was not observed in vivo, probably because there is a constant de novo synthesis of albumin molecules. The in vivo location of BPO groups within the albumin molecule could have been accounted for by assuming that BPO groups were fixed before completion of albumin synthesis. However, the finding that in vitro location is the same as that in vivo does not confirm this hypothesis and strongly suggests that fixation of BPO groups should be a post-translational event. The slow increase with time of BPO groups fixed on albumin is consistent with another example of post-translational modification ofalbumin, glucosylation, which is also a slow process (28) . The number of BPO groups per molecule of albumin, 2, is in the same range as that observed in vivo.
Results reported in this paper clearly show that fixation of' BPO groups to albumin during penicillin therapy represents an attractive model for exploring the role of albumin and its possible involvement in protection toward drug allergy.
